Abstract-In single stage valves, the main spools are stroked directly by solenoid actuators. They are cheaper and more reliable than multistage valves. Their use, however, is restricted to low bandwidth and low flow rate applications due to the limitation of the solenoid actuators. Our research focuses on alleviating the need for large and expensive solenoids in single stage valves by advantageously using fluid flow forces. For example, in a previous paper, we proposed to improve spool agility by inducing unstable transient flow forces by the use of negative damping lengths. In the present paper, how steady flow forces can be manipulated to improve spool agility is examined through fundamental momentum analysis, CFD analysis and experimental studies. Particularly, it is found that two previously ignored components -viscosity effect and non-orifice momentum flux, have strong influence on steady flow forces. For positive damping lengths, viscosity increases the steady flow force, whereas for negative damping lengths, viscosity has the tendency of reducing steady flow forces. Also, by slightly modifying the non-orifice port geometry, the non-orifice flux can also be manipulated so as to reduce steady flow force. Therefore, both transient and steady flow forces, can also be used to improve the agility of single stage electrohydraulic valves.
Nomenclature α viscosity related geometry coefficient ∆ 1 land area difference compensation ∆ 2 land tapers compensation τ sleeve wall stresses on the sleeve τ rod wall stresses on the rod θ Vena contracta jet angle µ dynamic viscosity ρ density A l annular area of the left land A o orifice area A r annular area of the right land C c Vena contracta contraction coefficient c in meter-in chamber non-orifice outlet flux coefficient c out meter-out chamber non-orifice inlet flux coefficient F efflux net momentum efflux F land pressure force acting on the lands F rod viscous force acting on the rod F sleeve viscous sleeve force acting on fluid F spool fluid flow force acting on spool F steady steady flow force L damping length L 1 meter-in chamber damping length L 2 meter-out chamber damping length L d dead space distance n unit vector outward normal to surface n x positive x unit vector k L steady force sensitivity to damping length P l pressure on the left land P r pressure on the right land Q flow rate P fluid pressure R i radius of the rod the load (hydraulic actuator), and P s is connected to the supply pressure, and P t is connected to the return.
In a single stage valve the spool is stroked directly by solenoid actuators. Damping length L is defined to be
power to track a sinusoidal flow rate. The saving in positive power becomes more significant at higher frequencies. A basic premise of this study is that the sign of damping length determines whether the transient flow force is stabilizing or destabilizing (see Fig.   1 for a definition). The study in [1] distinguishes from other studies of transient flow force induced instability in the 1960's [2] , [3] in that our goal is to utilize the instability advantageously rather than to eliminate it as in the previous studies.
In this paper, experimental results are first presented to confirm that spool agility is indeed improved when valves are configured to have small or negative damping lengths. Then, it is argued that the improved agility may not due solely to the unstable transient flow forces as was originally hypothesized.
The flow force models in [1] as well as in [2] , [3] focus only on the momentum flux at the variable orifice and neglect the effects of viscosity and the non-orifice momentum flux. They predict that the steady flow forces should be unaffected by damping lengths. In this paper, we present models for flow forces that take into account fluid viscosity and non-orifice momentum flux. The new models are developed based on fundamental momentum theory and are verified using computational fluid dynamics (CFD) analysis and experiments. It turns out that both viscosity and non-orifice momentum flux have significant effects on steady flow forces, and hence spool agility. In particular, viscosity reduces the steady flow force for negative damping lengths, and increases it for positive damping lengths.
For sufficiently negative damping lengths, the steady flow force can even become unstable. Thus, the experimentally observed improvement in spool agility for negative damping lengths, can be attributed, to the reduction in steady flow forces in addition to the unstable transient flow force. Furthermore, we show that the non-orifice momentum can be manipulated by minor modification of the port geometry, so as to reduce the steady flow force. Consideration of the viscosity effect and the non-orifice momentum flux presents additional design opportunities to improve spool agility via the reduction of steady flow forces.
Steady flow force compensation techniques have been studied in the 1960's (see [3] , [2] for a summary).
These focus on altering the flow pattern at the variable orifice (which involves shaping the lands or the sleeves, or using multiple small orifices) or on inducing a differential force on the spool ends at high flows.
The steady flow force reduction methods that make use of viscosity or the non-orifice momentum flux may be simpler to implement.
The rest of paper is organized as follows. In section II, we present some experimental results that confirm the influence of damping lengths on spool agility. In section III, we present models for the fluid flow induced steady flow forces that take into account viscosity and non-orifice momentum flux. Section IV presents CFD analysis of the fluid forces and compare the accuracies of the various approximations. The experimental study on the viscosity effect and the nonorifice flux effect is presented in section V. Section VI contains some concluding remarks.
II. Effect of damping Lengths on Spool

Agility: Experimental results
The experimental setup ( For L = −0.216m, the spool is able to nearly complete the entire stroke.
III. Modeling of steady flow forces
The qualitative increase in spool agility observed in the experiments in Section II was originally explained by the traditional premise [1] , [3] , [2] that transient flow forces tend to be destabilizing for negative damping lengths. In this section, we show that the improved agility can also be attributed in part to reduction in steady flow force due to viscosity and non-orifice flux effects.
A typical four way directional control valve such as 
A. Meter-in chamber
Consider first the meter-in chamber ( periences from the fluid can be calculated in various ways. Most fundamentally, it is given by:
where F land is the pressure force acting on the lands, 6 ) is given by:
where the LHS is the sum of the forces that the spool and the sleeve act on the fluid, and the RHS is the 
Previous models for steady flow force [2] , [3] do not consider the viscosity effect, i.e. F rod = F sleeve = 0.
Consider now F efflux and F sleeve separately. The net momentum efflux in (2) is given by:
since, if there is no leak, the only surfaces that have non-zero flux through them are the inlet and outlet.
The efflux at the non-orifice outlet is often neglected in previous studies [1] , [2] , [3] on the assumption that the fluid velocity is nearly normal to the spool axis at the outlet surface (v x = 0). However, CFD analysis in Section IV reveals that the outlet efflux can be significant.
Generally, knowledge of the flow profile at the inlet and outlet is needed to evaluate Eq. (4). However, the flow at the variable orifice inlet is often modeled by a Vena contracta in which the flow is uniform [3] .
If we further assume that the flow profile at the nonorifice outlet is also proportional to the flowrate Q, then, Eq. (4) can be approximated by:
where
is the orifice area when the spool displacement is x v , θ is the Vena contracta jet angle,
is the jet area, and c in is a coefficient that summarizes the normalized flow profile at the non-orifice outlet.
The sign convention in (5) has been chosen so that c in > 0 in typical port geometries.
Consider now the viscous sleeve force F sleeve . If the fluid is Newtonian, then fundamentally,
where µ is the fluid dynamic viscosity and ∂vx ∂n is the longitudinal velocity gradient with respect to the outward normal at the sleeve surface. To evaluate Eq.
(6) generally requires knowledge of the flow profile at the non-orifice outlet.
Using the assumptions that 1) the friction force in the dead space between the outlet and the left hand land in Fig. 6 is negligible; 2) the flow is laminar and fully developed along the full length L 1 between the inlet and outlet; Eq.(6) can be approximated by
for some coefficient α > 0 that depends only on valve geometry. Generally, α increases as the cross sectional area of the flow passage decreases.
For the cylindrical valve geometry in Fig. 6 (see the Appendix),
The assumption that the flow in the chamber is laminar is valid when the Reynolds number Re < 2100 (e.g. when the flow rate is sufficiently low). 
where β is a function of the geometry and the fluid density. In this paper, we focus on laminar flows.
In summary, the steady flow force for the meter-in chamber is given by
where F efflux is given either fundamentally by (4) or approximately by (5); and F sleeve is given either fundamentally from (6) or approximately by (7).
Since the flow rate Q increases monotonically with the orifice area A o (x v ), and A o (x v ) is roughly linear w.r.t. x v , Eqs. (5) shows that the steady flow force component due to the variable orifice will be roughly linear in x v . This is the well known stable linear spring effect on the spool [2] , [3] . On the other hand, both the non-orifice flux component (−c in Q 2 ) in Eq. (5) and F sleeve in Eq.(7) correspond to unstable quadratic and unstable linear spring forces with negative spring constants. Therefore, for the meter-in chamber, both the previously neglected viscosity effect and the nonorifice flux effect tend to reduce the steady state flow force.
B. Meter-out valve chamber
A similar analysis can be performed for the meterout valve chamber (Fig. 7) . The steady flow force is also given by Eq. (10):
with F efflux given by one of the following:
where c out is a coefficient that summarizes the flow pattern at the non-orifice inlet for meter-out chamber. The sleeve force is given by one of the following expressions:
where L 2 is the distance between the entry port and the meter-out orifice in Fig. 7 . For the valve geometry in Fig. 7 , the same α given in Eq. In a 4-way symmetric valve, the spool is acted on by the flow forces in both the meter-in and the meterout chambers (Fig. 1) . Hence, the net force that acts on the spool is the sum of the forces and can be approximated by:
where it is assumed that for a given spool displacement, the Vena contracta coefficient is the same for both meter-in and meter-out chambers in a symmetric
to be positive to ensure positive damping effect. In 
IV. CFD analysis of flow forces
In this section, we present CFD analysis to verify and evaluate the various flow force models presented in Section III. The 3D computational models for a given x v are shown in Fig. 8 . Notice that the valve is not axis symmetric because of the inlet and outlet ports. The mesh and the boundary condition for each geometry are generated by the GAMBIT pre-processor. Each computation volume uses about 1,000,000 nodes and 500,000 elements.
The incompressible Navier-stokes equations without body forces are given by [5] :
Continuity:
Momentum: Fig. 1 ), the right hand side port is the entry port, and the left hand port is the outlet port. To model the meter-out chamber (right chamber in Fig. 1 ), the left hand side port is the entry port, and the right hand side port is the outlet port.
where ρ is the fluid density, v is the fluid velocity vector, P is the pressure and µ is the dynamic viscosity. The SIMPLE pressure correction approach ial symmetric) valve model are shown in Figure 13 .
Notice that despite the hoses are normal to the spool axis, the flow patterns at the non-orifice inlet or outlet are not normal to it, so that non-zero longitudinal momentum fluxes are expected. To further confirm that c in and c out are not dependent on damping length and spool displacement, extensive studies using 2D (equivalent to 3D axissymmetric) CFD models with multiple flowrates at each spool displacements and damping lengths were performed. Figure 15 shows that c in and c out can be treated as constants in these 2D cases as well.
C. Viscosity effect 
D. Total Steady Flow Force
Consider the following expressions for the steady flow force that use different approximations:
F steady,2 = −F efflux,2 + F sleeve,2 (20) 
V. Experimental study
The experiment aims at verifying the steady flow force models in section III and that the viscosity and the non-orifice flux have significant effects on the steady flow forces, and hence on the spool agility. The experimental set up (Fig. 22) (2) accordingly, the spool force of the tapered land valve is:
where n is the outward normal vector of the surface, where the lands can be precisely machined, the land area difference is expected to be much smaller, and no taper or a much smaller taper will generally be used.
Therefore, in practice, the ∆ 1 + ∆ 2 correction will not be needed. 
VI. Conclusion
In this paper, we demonstrate that the fluid viscosity and the non-orifice flux are very important in the estimation of the steady flow forces. On one hand, in the negative damping length region, the steady flow forces, conventionally regarded to be always stabilizing, can be reduced to be marginally stable or unstable, thus improving the agility of the spool. Paradoxically, using a valve with negative damping lengths, the spool's agility will improve as the fluid becomes more viscous. On the other hand, the non-orifice flux can be tuned by changing the angle of the non-orifice hose to the spool axis, so that the net momentum efflux, which is traditionally regarded to be always stabilizing, could possibly be reduced to be marginally stable or unstable. The viscosity and the non-orifice effects predicted by the proposed models and CFD analysis are verified in experiment.
The viscosity and non-orifice flux effects generate other valve design parameters that can be used to improve spool agility in single stage electrohydraulic valves. Since the steady flow force is a significant force that the solenoid actuator has to overcome, the reduction of the steady flow force via the viscosity effect will be useful for developing high performance single stage valves.
sleeve wall (r = R o ). If the friction in the dead space is negligible,
For laminar and fully developed flow, it can be shown that [4] 
where P (x) is the pressure. Applying the no-slip conditions that v x = 0 at the rod wall (r = R i ) and the sleeve wall (r = R o ), the velocity distribution can be determined to be:
Since − Ro R i 2πv x dr = Q, ∂vx ∂r can be expressed as a function of Q so that α in (7) is given by:
